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Abstract. In December 2000, the ship ‘Coral Bulker’ ran aground at the entrance of the port of Viana do
Castelo (North–west coast of Portugal). A large amount of fuel oil was spilled and part of it reached the
shore. To evaluate the spatial and temporal impact of this oil spill, a field study, and several laboratory
toxicity tests were performed using Mytilus galloprovincialis as biological indicator of environmental
contamination and the biomarkers glutathione S-transferases (GSTs) and acetylcholinesterase (AChE) as
indicative criteria. Fifteen days after the oil spill, mussels collected at stations located near the ship pre-
sented higher and lower values of GSTs and AChE activity, respectively. These results, and those obtained
in the laboratory toxicity tests, evidence that these biomarkers were sensitive indicators of exposure to this
kind of pollution and were able to monitor a spatial impact of the oil spill of at least 10 km, confirming the
higher level of contamination near the ship and a contamination gradient along the sampling stations. One
year after the accident, such a contamination gradient was no longer evident. This study highlight the
potential suitability of a biomarker approach for assessing spatial and temporal impacts of marine pol-
lution accidents, such as fuel oil spills, suggesting the inclusion of these biomarkers in risk assessment
studies, as cost-effective and early warning recognized tools. Major advantages and limitations of the
biomarker approach used in this study are further discussed.
Keywords: fuel oil spill; Mytilus galloprovincialis; biomarkers; acetylcholinesterase; glutathione
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Introduction
In the last decades, the rapid increase of anthro-
pogenic activities has lead to a continual influx of
both organic and inorganic xenobiotics into estu-
aries and coastal waters, including polyaromatic
hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), organophosphorus compounds and heavy
metals. Marine hydrocarbon contamination,
particularly, has become a major environmental
problem. In December 2000, the wood-carrying
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ship ‘Coral Bulker’ ran aground at the entrance of
the port of Viana do Castelo (North coast of
Portugal). The ship was carrying some 700 tons
of fuel oil and a large amount of it was spilled and
moved southwards parallel to the coast along
approximately 20 km of shoreline.
Marine mussels, such as Mytilus spp., are
widely used in pollution monitoring programmes
in coastal waters (Beliaeff et al., 1997; Goldberg
et al., 1975). As filter feeders, these animals are
able to accumulate in their tissues a wide range of
both organic and inorganic contaminants present
in their environment. In addition, they are semi-
sessile and euryhaline organisms with a wide geo-
graphical distribution; characteristics that make
them particularly suitable to assess the concen-
tration of selected chemicals as well as to investi-
gate their biological impact (Viarengo and Canesi,
1991). Chemical analyses of tissue concentrations
are able to detect a wide range of contaminants.
However, this approach does not provide any
indication of biological significance and deleteri-
ous effects on the biota (Bucheli and Fent, 1995).
Therefore, the measurement of biological effects
caused by contaminants has become of major issue
in environmental risk assessment. In order to
provide information on these contaminant effects
on organisms and population health, methods for
identification and measuring the biological impact
are now being incorporated into mussel watch
programmes (Veldhuizen-Tsoerkan et al., 1991;
Narbonne et al., 1999; Porte et al., 2001b). Re-
cently, there has been a significant increase in the
use of biomarkers for assessing the impact of
chemicals in coastal environments (Carajaville
et al., 2000). Since the biological effects of these
chemicals are usually first displayed at the molec-
ular/biochemical level, the use of biochemical
alterations as environmental biomarkers make
possible to anticipate and predict effects that may
occur later at higher levels of organisation (i.e.,
population, community, and ecosystem), provid-
ing earlier warning signals of potential pollution
effects (Peakall, 1992).
In mussels, two commonly used biochemical
biomarkers are glutathione S-transferases (GSTs;
EC 2.5.1.18) and acetylcholinesterase (AChE; EC
3.1.1.7). GSTs, an important enzymatic family of
phase II of the biotransformation process, cata-
lyse the conjugation of reduced glutathione
(GSH) with a wide group of compounds bearing
eletrophilic centres, playing an important role in
the detoxification and excretion of endogenous
compounds, xenobiotics, and products of oxida-
tive stress (Clark, 1989). Because these isoen-
zymes are inducible by a wide range of chemicals,
it has been suggested that the levels of GSTs in
mussels might be an useful index as an indicator
of conjugating activities and exposure to chemical
pollution (Fitzpatrick and Sheehan, 1993). AChE
is involved in the transmission of nerve impulses
and its inhibition has been widely used as a spe-
cific biomarker for organophosphate and carba-
mate pesticides (Thompson, 1999). Recently,
some studies provided evidence that other envi-
ronmental contaminants, such as metals and
surfactants, may also be ecologically relevant
anti-cholinesterases agents (Payne et al., 1996;
Guilhermino et al., 1998). AChE activity has
been proposed and used as an indicator of pos-
sible neurotoxicity (Peakall, 1992). Biochemical
biomarkers have been applied in the assessment
of the impact of several oil spillages using marine
mussels as sentinel organisms (Sole´ et al., 1996;
Peters et al., 1999; Porte et al., 2000). However,
as far as we know, the assessment of long-term
effects has been studied only in few cases (Porte
et al., 2000).
To evaluate the spatial and temporal impact of
the ‘Coral Bulker’ oil spill, a field study and several
laboratory toxicity tests were performed, using the
mussel M. galloprovincialis as biological indicator
of environmental contamination. The biomarkers
GSTs and AChE were used as indicative criteria.
Since acclimation period and laboratory test con-
ditions may influence the biomarker responses,
these factors were also investigated in this study.
The comparison between the performance of the
biomarkers used and standard acute bioassays
results, which examine lethal effects, can highlight
the usefulness of the biomarker approach. For this
reason, standard acute bioassays were also per-
formed using the brine shrimp Artemia franciscana
(ArtoxkitTM) and the rotifer Brachionus plicatilis
(Rotoxkit-MTM) as test organisms. Both Artemia
spp. and rotifers have long been used in aquatic
toxicology and are widely accepted as test organ-
isms to evaluate effects of potential pollutants on
marine and coastal waters (Van Steertegem and
Persoone, 1993; Snell and Janssen, 1998).
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Materials and methods
Study area
In order to undertake the integrated monitoring
strategy for the spatial and temporal impact eval-
uation of the oil spill, four stations were selected
along the northwest Portuguese coast, along a
presumed decreasing contamination gradient
(southwards: station 1–4). Figure 1 schematically
shows the localization of the study area. Station 1
(S1), located at the entrance of the industrial port
of Viana do Castelo and closer to the ship, was
apparently the most contaminated station, pre-
senting large amounts of oil both in the sandy and
rocky shore. Station 2 (S2), located approximately
10 km south from the accident point, seemed also
affected by the oil spill but to a lesser extent, while
station 3 (S3), located about 20 km south from the
ship, was apparently not affected. Station 4 (S4),
approximately 40 km south from Viana do
Castelo port, was selected as a reference point. All
sampling stations were sandy and rocky shores
and with exception to S1, were located in small
fishery villages, far from main pollution sources
such as urban and industrial settlements.
Field study with M. galloprovincialis
Thirty adult mussels (M. galloprovincialis) of
undetermined sex and selected size (mean ante-
rior–posterior shell length of 3 to 4 cm) were
handpicked, at low tide in the intertidal zone of the
four sampling stations, at two sampling dates:
15 days and 1 year after the release of oil from the
ship. Organisms were placed in thermally insulated
boxes, previously filled with local water, and
transported to the laboratory within 1–2 h of
collection. In the laboratory, mussels were sacri-
ficed and selected tissues were immediately re-
moved and used for biomarkers quantification.
Laboratory toxicity tests
Sample collection and elutriate preparation At the
first sampling date, residues of oil were also col-
lected from the rocky shore of S1 and sediment
samples from the sandy shore of S1, S2, and S3; all
samples were placed in black airtight high-density
polyethylene containers and stored at 4 C until
use. Water samples were also simultaneously col-
lected at these stations. Since the results of the field
study confirmed the rather pristine condition of S4
(see results of the field study), sediment and water
samples from this station were not included in the
laboratory toxicity analysis. Residues of fuel oil
from S1 were used to prepare an elutriate solution
(elutriate 1A) according to the following proce-
dure: leaching (100 g residue per litre of water) was
performed with ASPM reconstituted seawater of
35-g/l salinity, hereafter designated as ASPM
medium (Guillard, 1983), in a Jenway 1000 stirrer
for 6 h at 20 ± 1 C; after 24 h, solid and liquid
(elutriate) phases were separated by decantation.
Elutriate solutions from sediment samples col-
lected from the sandy shore of S1, S2 and S3
(elutriates 1B, 2 and 3, respectively) were prepared
based on German Standard Methods (DIN, 1985)
accordingly to the following procedure: leaching
(100 g sediment per litre of water) was performed
with ASPM medium, in an orbital shaker (LH
Fermentation, series F200) at 180 rpm and
20 ± 1 C; after 24 h, solid and liquid (elutriate)
phases were separated by centrifugation, using a
Sigma 3–10 Bench centrifuge, at 4500 rpm during
5 min. All water and elutriate samples were filtered
through a 55 lm nylon mesh and frozen at )20 C
Figure 1. Map of study area, showing the grounding site of the
‘Coral Bulker’ (v) and the sampling stations (S1, S2, S3 –
stations along the presumed decreasing contamination gradient;
S4 – reference station). The arrow represents the movement of
the fuel oil spilled.
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until use. Physical–chemical parameters (salinity,
conductivity and pH) were measured in all elutri-
ate and water samples and are summarized in
Table 1. Salinity and conductivity were measured
with a WTW LF 330 meter, and pH measurements
were performed using a WTW 340-A meter.
Toxicity tests with M. galloprovincialis With re-
spect to laboratory toxicity tests performed with
M. galloprovincialis, adult mussels of undeter-
mined sex and selected size (mean anterior–
posterior shell length of 3 to 4 cm) were col-
lected from the intertidal zone of S4, since the
results of the field study confirmed its suitability
as a reference station (see results of the field
study). Mussels were immediately brought to
the laboratory in local water and inside ther-
mally insulated boxes, and acclimated in ASPM
medium, to a temperature of 20 ± 1 C and a
photoperiod of 12 h L: 12 h D, for 48 h before
being used in experiments. Toxicity tests were
performed with several dilutions of the elutriate
samples (100, 75, 50, 25, 12.5, 6.25, and 0% of
elutriate 1A, 1B, 2 and 3), using ASPM medium
as dilution water. Four mussels were exposed,
in glass vials, in 800 ml of each test solution for
96 h at 20 ± 1 C, with gentle aeration. Three
replicates per treatment were performed. Ani-
mals were not fed during both the acclimation
and test periods. Since both acclimation period
and laboratory test conditions must be taken
into consideration when studying biochemical
responses, 48 mussels were sacrificed at three
different periods: just after sample collection in
the field (time T-0 h), after the 48 h acclimation
period in the laboratory (time T-48 h), and at
the end of laboratory toxicity tests (time T-
144 h, corresponding to mussels exposed to a
48 h acclimation period followed by a 96 h
toxicity test at 0% of elutriate 1A, 1B, 2, and
3). At the end of acclimation and test periods,
mussels were sacrificed and selected tissues were
immediately removed and used for biomarkers
quantification.
Toxicity tests with A. franciscana and B. plicatilis
Acute, 24 h, laboratory toxicity tests were also
conducted with the brine shrimpA. franciscana and
the rotifer B. plicatilis, following the Artoxkit
(SOP, 1990) and Rotoxkit-MTM (SOP, 1994) pro-
tocols, respectively. Toxicity tests were performed
using several dilutions of field water (100, 75, 50,
25, 12.5, 6.25, and 0% of water from S1, S2, and S3)
and sediment elutriate (100, 75, 50, 25, 12.5, 6.25,
and 0% of elutriate 1B, 2 and 3) samples, using
ASPM medium as dilution water.
Biomarkers quantification
Haemolymph and gills ofM. galloprovincialis were
used as biological material for the quantification
of AChE and GSTs activities, respectively. Hae-
molymph was collected with a syringe from the
central part of the posterior adductor muscle and
diluted (1:4) with ice-cold phosphate buffer
(0.1 M, pH ¼ 7.2). In order to prevent mixing of
mantle fluid into the haemolymph, mantle fluid
was previously drained from the mussel. Samples
were then normalized to a protein content of
0.5 mg/ml, kept on ice and used on the same day
to prevent alterations during storage.
Gills were immediately removed and put on ice-
cold phosphate buffer (0.1 M, pH ¼ 6.5). Samples
were then homogenized, using an Ystral GmBH
Dottingen homogeniser, and kept on ice during the
homogenization. Gills homogenates were stored at
)80 C for no more than 3 days. Previous experi-
ments performed in our laboratory indicated that
there is no significant alteration of GSTs activity in
frozen gills ofM. galloprovincialis during this short
period of storage. Gills homogenates were
Table 1. Physico–chemical parameters (salinity, conductivity,
and pH) of water samples collected from the three sampling
stations (S1, S2, S3 – stations along the presumed decreasing
contamination gradient) and of elutriate 1A (elutriate prepared
from oil residues collected from the rocky shore of S1) and
elutriate 1B, 2 and 3 (elutriates prepared from sediment samples
collected from the sandy shore of S1, S2 and S3, respectively)
Salinity
(g/l)
Conductivity
(mS/cm)
pH
Water 10.7 18.3 7.55
Station 1 Elutriate 1A 32.6 51.4 7.85
Elutriate 1B 33.0 51.6 8.12
Station 2 Water 32.1 51.0 7.94
Elutriate 2 32.2 51.2 7.89
Station 3 Water 28.2 45.3 7.57
Elutriate 3 32.8 51.6 7.7
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centrifuged at 9000 · g during 30 min (at 4 C),
using a Sigma 3K 30 refrigerated centrifuge, and
the supernatants were normalized to approximate
protein concentration of 0.8 mg/ml.
Enzymatic activities were evaluated in triplicate,
at 25 C, and expressed in Units (U) per mg of
protein, being one unit defined as a nmol of sub-
strate hydrolysed per minute. The activity of AChE
was determined by the Ellman method (Ellman
et al., 1961) adapted to microplate, as described in
Guilhermino et al. (1996). The activity of GSTs
was determined by the method of Habig et al.
(1974), adapted to microplate, using 1-chloro-2,4-
dinitrobenzene (CDNB) as substrate (Frasco et al.,
2002). The enzymatic activities were expressed in
Units (U) per mg of protein, being one unit defined
as a nmol of substrate hydrolysed per minute. The
protein content of the samples was determined by
the Bradford method (Bradford, 1976) adapted to
microplate, as described in Frasco et al. (2002),
using c-bovine globulins as standard. All determi-
nations were performed in a Labsystem Multiskan
EX microplate reader.
Data analysis
Concerning the field study performed with
M. galloprovincialis, 1-way analysis of variance (1-
way ANOVA) was used to test differences of AChE
and GSTs activities among sampling stations, at
each sampling date, followed by the Tukey HSD
multiple comparisons test (Zar, 1996). The com-
parison of enzymatic activities between sampling
date, for each sampling station, was determined by
the Student’s t-test for independent samples. Bio-
marker data from the laboratory toxicity tests
performed with M. galloprovincialis were analyzed
by nested-ANOVA, followed by the Dunnett
multiple comparisons test (Zar, 1996). The effects
of acclimation period and laboratory test condi-
tions on enzymatic activities were analyzed using
1-way ANOVA. The significance level was 0.05.
Results
Field study with M. galloprovincialis
The results of the field study performed with M.
galloprovincialis, in both sampling dates, are
presented in Figure 2. Concerning the first sam-
pling date, carried 15 days after the release of oil
from the ship, statistically significant differences on
GSTs (1-way ANOVA: F ¼ 73.65, df ¼ 3, 116,
p < 0.05) and AChE (1-way ANOVA: F ¼ 60.77;
df ¼ 3, 116, p < 0.05) activities were found among
sampling stations. Mussels collected at S1, located
near the ship and apparently the most affected by
the fuel oil spill, presented the highest and the
lowest values of GSTs and AChE activity, respec-
tively. An increase of GSTs activity and a decrease
of AChE activity along the presumed increasing
Figure 2. Acetylcholinesterase (AChE) and glutathione
S-transferases (GSTs) activities ofMytilus galloprovincialis hae-
molymph and gills, respectively, collected from the four sampling
stations at two sampling dates: 15 days (a) and one year (b) after
the fuel oil spill. The arrow placed at the bottom of the graphics
indicates the estimated distance from the grounding site of the
‘Coral Bulker’ to the sampling stations (S1, S2, S3 – stations along
the presumed decreasing contamination gradient; S4 – reference
station). Values represent the mean of 30 individuals and the
correspondent standard error bars. Distinct letters (a, b, c) rep-
resent statistically significant differences between sampling sta-
tions, for each biomarker (p < 0.05).
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contamination gradient were observed. No statis-
tically significant differences on both enzymatic
activities were observed between S3 and S4 (Fig-
ure 2A). One year after the accident, statistically
significant differences on GSTs (1-way ANOVA:
F ¼ 257.06, df ¼ 3, 116, p < 0.05) and AChE (1-
way ANOVA: F ¼ 10.17; df ¼ 3, 116, p < 0.05)
activities were still found among sampling stations.
As observed in the first sampling date, S1 presented
the highest and the lowest values of GSTs and
AChE activity, respectively. No statistically sig-
nificant differences on both enzymatic activities
were observed among the other sampling stations
(Figure 2B).
The comparison of enzymatic activities between
sampling dates, for each sampling station, showed
that 1 year after the accident, mussels collected at
S1 presented higher values of GSTs (t-test:
t ¼ 11.22, df ¼ 58, p < 0.05) and AChE (t-test:
t ¼ 8.09, df ¼ 58, p < 0.05) activities, comparing
to the levels obtained at the first sampling date.
Concerning S2, a significant decrease of GSTs
activity was observed (t-test: t ¼ 4.04, df ¼ 58,
p < 0.05), while the value of AChE activity in-
creased (t-test: t ¼ 7.16, df ¼ 58, p < 0.05). In
mussels collected at S3 and S4, no statistically
significant differences were observed between the
two sampling dates on both GSTs activities [t-test:
t ¼ 1.37 (S3), t ¼ 0.83 (S4), df ¼ 58, p > 0.05] and
AChE [t-test: t ¼ 0.87 (S3), t ¼ 2.48 (S4), df ¼ 58,
p > 0.05].
Laboratory toxicity tests
Toxicity tests with M. galloprovincialis Consider-
ing the laboratory toxicity tests performed withM.
galloprovincialis, a significant increase of GSTs
(nested-ANOVA: F ¼ 87.02, df ¼ 6, 14, p < 0.05)
and a significant inhibition of AChE (nested-
ANOVA: F ¼ 3.76, df ¼ 6, 14, p < 0.05) activities
were observed in the tests performed with elutriate
1A (the elutriate prepared from the fuel oil resi-
dues from the rocky shore of S1) (Figure 3). A
similar pattern was observed for both enzymes in
the tests performed with the elutriate solution
prepared from the sediment from the sandy shore
of S1 (elutriate 1B): the activity of GSTs was sig-
nificantly enhanced (nested-ANOVA: F ¼ 100.16,
df ¼ 6, 14, p < 0.05) and the activity of AChE
was significantly depressed (nested-ANOVA:
F ¼ 21.43, df ¼ 6, 14, p < 0.05), even at the low-
est percentage of elutriate tested (Figure 3). Simi-
lar results, although less marked, were observed in
the laboratory toxicity tests with the elutriate 2
(Figure 3). Comparatively to the control, a
significant increase of GSTs activity was also
observed at low percentages of elutriate (nested-
ANOVA: F ¼ 27.82, df ¼ 6, 14, p < 0.05). AChE
activity was significantly inhibited, but only at the
highest concentration of this elutriate (nested-
ANOVA: F ¼ 3.80, df ¼ 6, 14, p < 0.05). No
significant changes were observed in GSTs (nested-
ANOVA: F ¼ 0.40, df ¼ 6, 14, p > 0.05) and
AChE activities (nested-ANOVA: F ¼ 0.31,
df ¼ 6, 14, p > 0.05) in the toxicity tests per-
formed with elutriate 3.
To determine the influence of the acclimation
period and laboratory test conditions on the
enzymatic activities, GSTs and AChE levels were
measured at three distinct times: just after the
collection in the field (T-0 h); after a 48 h accli-
mation period in the laboratory (T-48 h); and at
the end of the 96 h toxicity tests, which correspond
to levels measured at 0% of elutriate 1A, 1B, 2 and
3 (T-144 h). No significant changes were observed
for GSTs (1-way ANOVA: F ¼ 0.47, df ¼ 2, 141,
p > 0.05) and AChE activities (1-way ANOVA:
F ¼ 0.21, df ¼ 2, 141, p > 0.05), among sampling
times (Table 2).
Toxicity tests with A. franciscana and B. plicatil-
is With respect to 24 h bioassays with A. francis-
cana and B. plicatilis, the validity criterion
recommended in the Artoxkit (SOP, 1990) and
Rotoxkit-M (SOP, 1994) protocols for an acute
bioassay to be valid was achieved, that is the
percentage of dead organisms in the control
should not exceed 10%. All bioassays performed,
either with water or elutriate samples, were unable
to detect significant differences among treatments
since mortality never exceed 10%.
Discussion
Recently, a number of biochemical biomarkers
have been applied in the assessment of the im-
pact of several oil spillages using marine mussels
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as sentinel organisms (Sole´ et al., 1996; Peters
et al., 1999; Porte et al., 2000). In an oil spill, a
great variety of compounds, such as PAHs and
metals, in various proportions are released and
in addition to the immediate damage they may
cause to natural populations, long-term effects
resulting from continuous sub-lethal exposure to
these compounds must also be evaluated (Clark,
1986). However, as far as we know, the assess-
ment of long-term effects on local mussel popu-
lations, caused by oil spills, has received little
attention (Porte et al., 2000). The present study
proposed to assess the spatial and temporal
impact of a fuel oil spill using the mussel
M. galloprovincialis as biological indicator and
two-biochemical biomarkers, GSTs and acetyl-
cholinesterase AChE, as indicative criteria. These
two biomarkers were selected since they shown
to be sensitive indicators of exposure to urban
and industrial effluents in a previous biomoni-
toring program, performed with M. galloprovin-
cialis, in the north coast of Portugal during
2000–2001 (Moreira et al. 2004).
To reach the main objective of this study, a field
study was performed at two distinct sampling
Figure 3. Acetylcholinesterase (AChE) and glutathione S-transferases (GSTs) activities of Mytilus galloprovincialis haemolymph and
gills, respectively, after the 96 h laboratory toxicity tests using several dilutions of elutriate solutions prepared from oil residues
collected from the rocky shore of S1 (Elutriate 1A) and from sediment samples collected from the sandy shore of S1 (Elutriate 1B), S2
(Elutriate 2) and S3 (Elutriate 3). Values represent the average of three replicates (four mussels per replicate) and the correspondent
standard error bars. ( p < 0.05) and **( p < 0.001) represent significant differences from control.
Table 2. Values of acetylcholinesterase (AChE) and glu-
tathione S-transferases (GSTs) activities of Mytilus gallopro-
vincialis haemolymph and gills, respectively, measured at three
distinct times: just after the collection of mussels in the field
(T-0 h); after a 48 h acclimation period in the laboratory
(T-48 h); and at the end of the 48 h acclimation period followed
by a 96 h toxicity tests, which correspond to levels measured in
test controls (T-144 h). Values represent the average
(n = 48) ± standard deviation
Sampling time GSTs activity AChE activity
(U/mg protein) (U/mg protein)
T-0 h 34.28 ± 3.48 43.97 ± 7.14
T- 48 h 34.98 ± 2.87 44.16 ± 5.16
T- 144 h 34.66 ± 4.07 44.68 ± 4.24
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dates, 15 days and 1 year after the accident, along
a presumed decreasing contamination gradient. In
the first sampling date, it was observed that sta-
tions located closer to the accident point, partic-
ularly S1, presented higher and lower levels of
GSTs and AChE activities, respectively, compared
to the other stations. In addition, it is worth
mentioning that mussels collected at S3 and S4, the
latter considered as reference station, presented
similar biomarker levels. Regarding GSTs, a 1.5
and a 1.3-fold increase on this activity was ob-
served in mussels collected at S1 and S2, respec-
tively, in relation to measured levels at the other
stations. Considering the levels of AChE, a 2-fold
decrease of its activity was observed at S1 and a
1.2-fold decrease at S2. Considering these results,
it seems that the biomarkers used were able to
monitor a spatial impact of the oil spill of at least
10 km, confirming the higher level of contamina-
tion near the ship and a contamination gradient
along the sampling stations. One year after the
accident, such a contamination gradient was no
longer evident since no significant differences in
the levels of biomarkers were observed among the
sampling stations, except for S1. Mussels sampled
near the spillage presented higher levels of GSTs
(2.1-fold) and lower levels of AChE (1.2-fold),
comparing to the other stations. These results may
suggest an exposure of mussels to compounds re-
leased at the time of the spill, and may reflect
possible temporal sub-lethal effects due to this
spill. Nevertheless, the possibility of other sources
of contamination in this area, related to the
proximity of Viana do Castelo harbour, must not
be excluded.
The biomarker results obtained in the toxicity
tests using the four elutriates are in accordance to
the biomarker results obtained in the field, evi-
dencing the existence of a contamination gradient
along the coast due to the spillage. Furthermore,
the comparison of the biomarker results obtained
with elutriates 1A and 1B may clarify the field
results observed at S1. Even though, significant
alterations on GSTs and AChE levels were ob-
served in both tests, a significant enhance of GSTs
and an inhibition of AChE activities were noticed
in mussels exposed to elutriate 1B at lower per-
centages of elutriate tested (6.25%) comparing to
mussels exposed to elutriate A (25%). These results
further support the possibility of other sources of
contamination in this area, in addition to the
spillage.
Since acclimation period and laboratory test
conditions may modify the biomarker responses,
these parameters are non-negligible and must
therefore, be taken into consideration. In fact,
Khessiba et al. (2001) reported higher catalase
(CAT) and malonedialdehyde (MDA) levels in
M. galloprovincialis as a function of acclimation
period, while no changes were detected in GSTs
activity. Hoarau et al. (2001) observed a marked
increased of GSTs activity in the clam Ruditapes
decussatus after 2 weeks of acclimation. In this
context, the influence of these parameters on the
levels of GSTs and AChE was also investigated in
the present study. Considering the results ob-
tained, it seems that both acclimation period and
test conditions had no marked influence on the
two biomarkers studied, allowing a direct com-
parison of the levels measured in field with the
levels obtained in the laboratory toxicity tests.
In vertebrates, induction of specific GSTs fol-
lowing exposure to diverse agents such as polycy-
clic aromatic hydrocarbons (PAHs) and
polychlorinated biphenyls (PCBs) has been well
documented (Armknecht et al., 1998; Stien et al.,
1998; Willett et al., 1997). However, conflicting
results have been reported regarding GSTs induc-
tion by these sorts of contaminants in mussels,
particularly following exposure to PAH-type
compounds (Akcha et al., 2000; Michel et al.,
1993). In Mytilus spp., GSTs isoenzymes have al-
ready been purified and characterized (Fitzpatrick
et al., 1995a, b; Fitzpatrick and Sheehan, 1993) and
recent studies carried out with M. edulis showed
that different GSTs isoforms are induced as a
function of the nature of the pollutants (Fitzpatrick
et al., 1997; Fitzpatrick and Sheehan, 1993). While
some field studies have pointed out a good response
of GSTs to organic pollution (Rodriguez-Ariza
et al., 1993; Suteau et al., 1988; Kaaya et al., 1999;
Willett et al., 1999; Gowland et al. 2002) others
have detected little or no response (Porte et al.,
2000). The discrepancies between these findings
may be due to differences in the pollution type and
load in each case. Gowland et al. (2002) reported
an inducing of hepatopancreas GST activity in M.
edulis populations from Loch Leven (west coast of
Scotland) exposed to an effluent from an aluminum
smelter containing PAHs. These authors found a
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correlation between GSTs and total PAHs burden
and that high molecular weight PAHs (5- and 6-
ring) had a more pronounced role than low
molecular weight compounds (2- to 4-ring) in
inducing GST activity. In the present work, GSTs
showed a consistent pattern of significant induc-
tion, both in field surveys and in laboratory toxicity
tests, evidencing that GSTs were sensitive to the
presence of a contamination gradient due to the
spillage. Nevertheless, the controversial results
observed in other field studies reveal that this po-
tential biomarker of organic pollution and PAHs
exposure needs further development before imple-
mentation in biomonitoring programs.
Due to the fact that some species of mussels have
polymorphic cholinesterases (ChE), and distinct
forms may show different sensitivity to anti-cho-
linesterase agents, their use as a biomarker of
exposure to neurotoxic compounds requires the
biochemical characterization of the forms present in
the species and in the tissues to be studied (Bocquene´
et al., 1997). ChE have already been characterized
in several tissues of M. galloprovincialis, providing
evidence that the occurring enzyme in gills and
haemolymph is AChE (Mora et al., 1999; Moreira
et al., 2001). AChE activity has been widely used as
a biomarker of exposure to organophosphate and
carbamate pesticides in several field studies
(Escartı´n and Porte, 1997; Radenac et al., 1998).
Recently, several works evidence that other types
of contaminants such as metals, surfactants
(Martinez-Tabche et al., 1997; Najimi et al., 1997;
Guilhermino et al., 1998) and compounds in com-
plex mixtures (Payne at al., 1996) may also inhibit
AChE activity. Moreover, several laboratory re-
sults supported the anticholinesterase effect of
petroleum and PAH-type compounds (Kang and
Fang, 1997; Martinez-Tabche et al., 1997; Akcha
et al., 2000), although the mechanisms of this inhi-
bition are not clear. In the present work, a signifi-
cant inhibition of AChE was found both in the field
study and in toxicity tests, allowing the detection of
neurotoxicity in mussels exposed to the compounds
released in the spillage.
For comparative purposes, standard acute bio-
assays were also performed using the brine shrimp
A. franciscana and the rotifer B. plicatilis as test
organisms. For both ecological and practical rea-
sons, and because of their sensitivity to many
chemicals, both Artemia and rotifers have long
been considered as well suited organisms in
aquatic testing (Persoone and Wells, 1987; ASTM,
1991; Van Steertegem and Persoone, 1993; Snell
and Janssen, 1998). In accordance, a standardized
protocol for estimating acute toxicity using the
rotifer B. plicatilis has long been established
(ASTM, 1991). In the seventies, acute toxicity
testing with the brine shrimp Artemia was formally
endorsed by the European Communities to regu-
late the discharges of wastes from the titanium
dioxide industry (EC, 1978). Artemia and Brachi-
onus cyst-based toxicity tests are now available,
under the name of Artoxkit and Rotoxkit-M,
respectively, for cost-effective routine screening of
contamination in estuarine and marine environ-
ments. Nevertheless, all bioassays performed in
this study, either with water and elutriate test
samples, were unable to detect harmful effects in-
duced by the oil spill. In this particular case and
considering the results obtained, it was possible to
conclude that the biomarker approach, which al-
lowed the detection of a spatial and at a certain
extent, a temporal impact, represented a more
powerful and effective tool for assessing the effects
of the spillage in comparison to the mortality
endpoint of the standard bioassays.
In summary, the results obtained in this work
showed that the biomarkers GSTs and AChE in
M. galloprovincialis were sensitive indicators of
exposure to this kind of pollution. The approach
used in this work can be improved in the future
by integrating other biomarkers (sub-individual
and individual), in order to provide a better pic-
ture of the oil spill impact. Although inconsistent
results have been reported over the last years
regarding cytochrome P450 system in molluscs
(Sole´ et al., 1996; Porte et al., 2001a) the use of
the cytochrome P450 induction in mussels as a
marker of oil exposure is supported by previous
laboratory and field studies (Michel et al., 1993;
Peters et al. 1999; Porte et al. 2000). Several
alterations in specific aspects of cellular structure
and function have also been described as re-
sponses to oil and PAH-type compounds expo-
sure. Lysosomal alterations, such as lysosomal
enlargement and lysosomal membrane destabili-
zation, peroxisome proliferation and epithelial
thinning of digestive cells in mussel hepatopan-
creas are among the most common cellular
alterations described in the literature (Cajaraville
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et al., 1997; Lowe et al., 1981; Cajaraville et al.,
2000; Fernley et al., 2000). Changes in M. edulis
immune parameters, such as a reduced superoxide
generation and phagocytic activity in mussel
haemocytes, have been reported after the ‘Sea
Empress’ oil spill (Milford Haven, Wales, UK)
(Dyrynda et al., 2000). At the individual level, the
measurement of physiological responses, such as
feeding impairment and reduction of the scope for
growth have been successfully applied as ecolog-
ical relevant sublethal responses to toxicant
exposure, and their integration by means of
physiological energetics may provide important
insights on growth and reproductive disruption at
population level (Maltby et al., 2001). Several
authors advocate the use of a battery of biomar-
kers, for providing a more robust indication of
sub-lethal significant impacts, and there have been
attempts to develop integrated models based on
biomarker responses to generate indexes for
quality assessment for the coastal environment
(Narbonne et al., 1999). As pointed out by Fossi
et al. (1994), a biomarker approach can be used in
the integration of different episodes of temporal
and spatial chemical exposure, representing rapid
responses to toxicant exposure and as an out-
come, providing an early warning signal of long-
term effects that may occur later at higher levels
of organization. However, as a result of being
endpoints at a low level of biological organiza-
tion, the biological significance of a biomarker
response at higher levels of biological organiza-
tion, especially at population and community
levels, is uncertain and its questionable ecological
relevance is undoubtedly the main limitation for
its use in environmental monitoring programs.
Nevertheless, as a feature of its rapid respon-
siveness and sensitivity to chemical contamina-
tion, biomarkers can be used in a predictive way
as components of environmental monitoring
programs, allowing the initiation of bioremedia-
tion strategies before irreversible environmental
disturbances of ecological consequences occur. As
a final consideration, the results of this study
highlight the potential suitability of a biomarker
approach for assessing spatial and temporal im-
pacts of marine pollution accidents, such as fuel
oil spills, suggesting the inclusion of biomarkers
in risk assessment studies, as cost-effective and
early warning recognized tools.
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